Of the three major groups of comets approaching the Sun to between 6 and 12 solar radii and discovered with the coronagraphs on board SOHO, we investigate the Marsden and Kracht groups. We call these comets ''sunskirters'' to distinguish them from the Kreutz system sungrazers. Our objective is to understand the origin, history, and orbital evolution of the two groups. The tendency for their members to arrive at perihelion in pairs or clusters is a result of their recent fragmentation. As fragments of more massive precursor objects, the Marsden-and Kracht-group comets are mostly less than 10 yr old. Although the two groups and several meteoroid swarms, such as the Daytime Arietids and Southern Aquarids, appear as separate populations of a complex associated with comet 96P/ Machholz, our orbit integrations suggest that we deal with a single, essentially continuous population that extends from the comet's orbit for more than 160 in the longitude of the node. First-generation fragments of their common progenitor with comet 96P, which were the initial direct ancestors of this population, are called the first precursors. Nearly 60,000 orbit integration runs are made in our search for their birth scenarios. We find that these objects separated from the progenitor comet before AD 950 and, as sources of continuing activity, pursued an orbital evolution very different from that of 96P. All first precursors of this low-inclination population experienced a sequence of encounters with Jupiter within 0.5 AU, starting in AD 1059 or earlier and continuing for centuries. In the process, they split into smaller pieces in a fashion reminiscent of ''cascading'' fragmentation of the Kreutz system. The secular planetary (mainly Jovian) perturbations control the motions of both 96P and the low-inclination population, but the dynami-
of C/1999 J6 and C/1999 U2 (Marsden 2002a; Green 2002) . These comets were the first four of the Marsden group, whose members can pass rather close to Earth's orbit. D. A. J. Seargent reported a pronounced orbital similarity between the Marsden group and the Daytime Arietid meteor stream (Marsden 2002b) , which is detected annually by radar mostly in early to mid-June (e.g., Sekanina 1970 Sekanina , 1973 Sekanina , 1976 Cook 1973 ) but has a perihelion distance about twice that of the Marsden group. Marsden (2002b) then remarked on similar perihelion directions between comet 96P/ Machholz (known originally as P/ Machholz 1986e = 1986 VIII and, after 1994, as P/Machholz 1) and the Marsden group. Similarities between the orbital evolutions of the Quadrantid, Aquarid, and Daytime Arietid meteor streams and this comet have been known from McIntosh's (1990) integrations of the comet's motion (x 3). When combined, the relationships between the Arietids and 96P and between the Arietids and the Marsden group obviously imply a relationship between 96P and the Marsden group.
Next, R. Kracht suggested a loose association between two other SOHO comets, C/1999 M3 and C/2000 O3, whose lines of apsides agree to within $3 (Marsden 2002c) , even though their nodal lines differ by nearly 20
. Kracht also argued that there is a relationship between the Marsden group and the pair of C/1999 M3 and C/2000 O3. Then, Marsden (2002d) remarked on a possible association of C/1999 N6 with C/1999 M3 and Kracht pointed out that C/2001 Q7 may be a yet another member of the Marsden population (Marsden 2002e) . At that time, in 2002 March, Marsden suggested that C/1999 M3, C/1999 N6, C/2000 O3, and C/2001 Q7 belong to the Kracht group (Marsden 2002e) , three more members of which were reported some four months later ( Marsden 2002f ).
PROPERTIES OF COMETS IN NEW GROUPS
A fairly large number of additional members of the three new comet groups were detected in SOHO images more recently, both in near-real time and in archival frames, bringing the totals by mid-2005 to 58 for the Meyer group, 21 (or 23) for the Marsden group, and 24 for the Kracht group. Their temporal distributions are summarized in Table 1 .
Contrary to SOHO sungrazers, comets of the new groups generally appear stellar. Many Meyer-group members and nearly all Marsden-and Kracht-group members were observed after perihelion, at least for a fraction of 1 day. The apparent ability of many sunskirters to survive may be the result of their larger perihelion distance: the Meyer-group comets have perihelia between 6.6 and 8.7 R , the definite members of the Marsden group from 8.8 to 11.2 R (from 6.9 R when the uncertain members are included), and the Kracht-group comets from 6.7 to 11.6 R . For comparison, the perihelion distance of comet 96P is currently about 27 R (see Table 2 and x 5.2 for more information).
The greater perihelion distance of the sunskirters implies that they are less affected by solar tidal forces than are the sungrazers. Since the tidal stress varies inversely as the cube of distance, a sunskirter at 10 R is subjected to a tidal stress that is only $0.005 times the stress on a sungrazer of the same dimensions in the orbits of comets C/1882 R1 and C/1965 S1 (Ikeya-Seki), both of which are known to have split very near perihelion. Thus, the greater chance of survival for the sunskirters makes sense dynamically.
Also unlike the SOHO sungrazers, the Meyer comets do not show a strong tendency toward clustering or closely spaced pairing, the tightest temporal separation between two consecutive members being about 3 days. On the other hand, nine Marsdengroup comets appeared in triplets that spanned, respectively, 0.7, 7, and 10 days. In three cases the temporal separation between two members was only $0.1 day or less. Clumping is also clearly apparent for the Kracht-group comets: a six-pack and a triplet each reached perihelion in less than 3 days, whereas four pairs arrived, respectively, 0.7, 1.6, 2.1, and 3 days apart. The spatial distribution of the Meyer group is rather compact, while the Marsden group and especially the Kracht group are spread out more loosely.
The high-inclination Meyer group, while by far the most populous of the three, is the most difficult to explore, because no potential parent object is known and the group's orbital period remains indeterminate, a major drawback for any study of its dynamical evolution. The absence of clusters or closely spaced pairs suggests an orbit with a fairly large aphelion distance.
The history of the Marsden and Kracht groups is less difficult to decipher, especially if their association with the major cometmeteor complex is confirmed. Although some avenues of analysis are impeded by very limited photometric data available in the literature (x 4.5), the presumed short lifetimes of the Marsdenand Kracht-group comets on their sunskirting orbits make a comprehensive exploration of their birth and evolution-the objective of this investigation-highly desirable. Bailey et al. (1992) used 96P as one of several periodic comets for which they demonstrated that objects initially with inclinations near 90 and perihelion distances of up to about 2 AU can evolve into sungrazing objects due to secular perturbations by the planets. Cyclic orbital changes triggered by these perturbations display distinct correlations between the individual elements over a period of time, which is $4000 yr in the case of 96P, as first shown by Rickman & Froeschlé (1988) . The nature of these orbital variations is such that the perihelion distance systematically decreases with increasing deviation of the inclination from the initial value near 90 . This slow process can, however, change dramatically if fragmentation, tidal or nontidal (Sekanina 1997) , becomes important. The effects on the long-term dynamical evolution have never been systematically explored, in part because the number of sungrazing comets known until recently had been very limited.
THE MACHHOLZ INTERPLANETARY COMPLEX
The calculations of Bailey et al. (1992) represent a numerical experiment, which indicates (as do the earlier results by Froeschlé 1988 and by McIntosh 1990 ) that the perihelion distance and the inclination of comet 96P have recently been decreasing with time. However, one should not conclude from Figure 2 of Bailey et al. that this comet will collide with the Sun in $13,000 yr from now. The comet is unlikely to survive intact over this extended period of time (more than 2000 revolutions about the Sun) and is expected to disintegrate before then. If the association with 96P is confirmed, the existence of the Marsden and Kracht groups offers indirect evidence in favor of the comet's inevitable demise over a limited period of time. In addition, nongravitational effects varying on shorter timescales might affect the comet's dynamical evolution over periods of many thousands of years. Overextended extrapolations are notoriously unreliable and have a dubious predictive value.
The nature of the relationship between comet 96P and several potentially related meteor streams-the Quadrantids in particularhas been a subject of considerable interest ever since 1986, when the comet was discovered. In the mid-1990s, the number of objects associated with comet 96P/Machholz began to grow rapidly, including, among others, the Marsden and Kracht groups of sunskirting comets. While the extent and envelope of the assemblage of apparently related bodies are not yet known very well, the existence of this association in the inner solar system cannot be questioned. We will refer to it hereafter as the Machholz interplanetary complex. The orbital elements (whose variables are defined by letters in Table 2 ) for all candidate contributors are listed in Table 3 .
The first to consider the relationship between comet 96P and some of the meteor streams was McIntosh (1990) , who found that 96P was unlikely to be the parent of the Quadrantid stream because of a 2000 yr shift (a half the cycle) in the perturbed orbital elements, implying too high an age for the stream. Following Hasegawa (1979) , he instead preferred comet C/1490 Y1(old designation 1491 I), but its orbit is poorly known. Jenniskens et al. (1997) concurred with McIntosh that 96P is not associated with the stream and proposed that the most likely parent is an as yet undetected inactive asteroid-like object. Williams & CollanderBrown (1998) suggested that 96P, C/1490 Y1, and an Apollotype asteroid 5496 (1973 NA) are all fragments of one comet and related to the present-day Quadrantids through an unknown fragment. Very recently, the parent was identified with asteroid 2003 EH 1 by Jenniskens (2004) , who added that the stream's estimated mass of 10 13 kg could be explained if the origin dates back to a breakup $500 yr ago. Williams et al. (2004) , while upbeat, expressed some caution about this parentage.
On the other hand, McBride & Hughes (1990) regarded 96P as a candidate for the stream's parent, and Jones & Jones (1993) found that if 96P was captured by Jupiter during its last close approach 2200 yr ago, the resulting stream had time enough to produce most of the observed features of the meteoroid complex made up by the Quadrantids, Daytime Arietids, and the Southern Aquarids. Gonczi et al. (1992) favored a hypothesis according to which the present-day Quadrantids had been released from 96P about 4000 yr ago, when the comet had a very small perihelion distance. Although the last authors suggested that the most likely meteoroids to survive as part of the stream were those with semimajor axes just inside the 2:1 resonance with Jupiter, they cautioned that close encounters with the planet should lead to numerous instances of chaotic behavior, making the dynamical evolution of the stream very complex. Green et al. (1990) showed that the comet's motion has been under the strong influence of the 2:1 resonance, which has kept the comet orbiting on the inner side of the resonance boundary for at least 4000 yr, with its mean motion oscillating around the value corresponding to a weak 9 : 4 resonance. Babadzhanov & Obrubov (1992) listed a total of eight meteor streams they believed to be associated with 96P (four with perihelia below 0.15 AU and four with perihelia between 0.9 and 1 AU ) and argued that the Quadrantids were released from the comet 6500 yr ago. Besides the Quadrantids, the streams attributed to the comet by these authors are the Daytime Arietids and the Southern and Northern Aquarids, all of which were also considered by McIntosh (1990) , but also the Ursids (usually associated with comet 8P/ Tuttle), the Cetids, and two weak southern-hemisphere showers, the Velids and the Carinids.
Of particular interest is a recent conclusion by Ohtsuka et al. (2003) that the present-day orbits of the Marsden group and the Daytime Arietids coincide with the orbit of 96P in AD 2319 and, similarly, the orbits of the Kracht group coincide with the comet's orbit in AD 2408. According to Ohtsuka et al., this is evidence for time lags in the orbital evolution of the two groups and the comet.
The evolution of the Marsden and the Kracht groups of sunskirting comets and their basic relationship to the other contributors to the Machholz complex is the main subject of this first part of our investigation. We note that the orbital similarity between the Daytime Arietid stream and the Marsden group is pronounced enough that they are likely to be more closely related to one another than either of them is to comet 96P. In practice, this could indicate that the Arietids derived not from comet 96P but from a related object or even from some members of the Marsden group relatively recently. On the other hand, inspection of the orientation of the line of apsides (via L and B ; cf. Table 2) in Table 3 raises doubts about a close association with the Machholz complex of some of the candidate streams, in particular the Northern Aquarids, Cetids, Ursids, and Carinids. The second part of our investigation, to appear in the near future, will focus more closely on the nature of the fragmentation process that led to the formation of the Marsden and Kracht groups. We will also examine their expected future evolution and the problems of their population size, long-term replenishment, and steady-state conditions.
LIFETIMES OF MARSDEN-GROUP AND KRACHT-GROUP COMETS
No viable approach to the problem of evolution of the Machholz complex can ignore the critical problem of fragment lifetime and survival. One of the most important factors that constrain the life span of comets, their fragments, or meteoroids in interplanetary space is the number of approaches to the Sun that they can withstand essentially intact. The number of ''safe'' revolutions about the Sun is shown below to be rather severely limited for objects in sunskirting orbits.
Orbital Period
The orbital period for comet 96P is known with very high accuracy (Table 2) , amounting currently to slightly more than 5.2 yr. The orbital periods of the other members of the Machholz complex have been less well determined, as is apparent from Table 3 . Among the listed meteor streams, the best values-near or slightly exceeding 5 yr-have been derived for the Southern Aquarids and the Quadrantids from a variety of photographic surveys. A high-quality determination of the orbital period of meteoroids requires painstakingly accurate measurements of the atmospheric velocity (on the order of 0.1%) and deceleration, which are needed in the calculation of the preatmospheric velocity. Bright meteors and fireballs with long atmospheric trails, detected photographically by multistation monitoring networks, provide the most satisfactory results (e.g., Whipple 1938 Whipple , 1955 Jacchia & Whipple 1956 , 1961 . Fainter meteors are observed by radar techniques (e.g., McKinley 1961, p. 309), which are known for providing less accurate decelerations and preatmospheric (Lindblad & Steel 1994 ). e Average of two possible stream branches. f During the Synoptic Year 1968-1969, the radar system was not in operation near the peak period of the Quadrantids. g This stream is usually associated with comet 8P/ Tuttle; relation to 96P was proposed by Babadzhanov & Obrubov (1992) . h Relationship to photographic Ursids questionable; earliest radar Ursids detected 5 days after last photographic ones.
velocities (e.g., Southworth 1962); a major improvement was introduced only relatively recently (e.g., Baggaley et al. 1993) . The orbital periods for most radar-based meteor stream entries in Table 3 are believed to be significantly underestimated.
The discrepancy between the preatmospheric velocities (and the orbital periods) of the Southern Aquarid stream determined by photographic and radar techniques had been commented on by Wright et al. (1954) more than 30 yr before comet 96P was discovered. They noticed that the difference of 2.5 km s À1 was greater than the scatter among the individual meteors in the photographic sample and offered several possible explanations, including high decelerations of the radar meteors that were unaccounted for. They also suggested that meteoroids in this stream must be very young and had arisen from a recently disrupted comet.
The parabolic orbits derived by Marsden (e.g., Marsden & Williams 2003, p. 169) are described in Table 4 for the Marsden group and in Table 5 for the Kracht group. The column headings use the parametric symbols introduced in Table 2 . The last two columns present information, respectively, on the time span of the observed orbital arc, which can serve as a crude proxy parameter for the brightness, and on the SOHO coronagraphs used. The orbital arcs appear to be too short to successfully solve, in addition to the other elements, for the orbital period. Yet we attempted such a solution for C/1999 J6, a member of the Marsden group, whose observed arc is nearly 40 hr (Table 4) , longer than for any other object of either group. Based on a total of 70 astrometric observations, the optimum osculating value of the orbital period came out to be 3:0 þ2:0 À1:0 yr, which is consistent with the comet's value within 1.1 , but-in the absence of corroborating evidence at the time-it was judged too uncertain to offer a convincing argument for the short-period nature of the orbit. Our additional runs, which forced the orbital periods between 5.22 and 5.34 yr, fitted the data nearly equally well, with the rms residual increasing from AE4B81 to AE4B83.
With no bright comet observed in the Marsden and Kracht groups, it has become increasingly evident that a more attractive approach to determining the period is to find an object at two consecutive returns to the Sun and link its astrometric observations, even though a potential pitfall of this technique is obvious: the short orbital arcs available allow one to consider a variety of linkages and therefore different orbital periods, depending on the choice of objects. It appears that this ambiguity can ultimately be removed only using a third return.
Recent developments suggest, however, that on a few occasions at least the situation is more promising that for the rest of the comets. Marsden (2004b Marsden ( , 2005a Marsden ( , 2005b Table 6 , while the residuals are presented in Table 7 . For C/1999 N5C/2005 E4 the elements are in Table 8 and the residuals in Table 9 . We find that the differences between our and Marsden's orbital sets are up to about 2 in both the angular elements, the perihelion distance, and the eccentricity in the first case, but much better, up to at most $1 in the second case. Next, we used the opportunity provided by Kracht's recent discovery of a Marsden-group comet C/1996 V2, and we tried to Table 10 , imply an orbital period of almost exactly 6 yr. Table 11 indicates that the orbital solution is based on only three consistent astrometric positions from 1996, but the scatter in the remaining positions shows no systematic trends. All but three available C2 positions from 2002 are fitted quite satisfactorily, while the residuals from the eight C3 positions, although systematic, remain smaller than the pixel size of 56 00 . In addition, the 2002 elements are in good agreement with Marsden's (2003) parabolic orbit for C/2002 V5 (generally within 6 , but 12 in the perihelion distance) and the 1996 elements are reasonably close to Marsden's (2005c) very approximate parabola for C/1996 V2, especially in the inclination.
We also attempted to link astrometric positions of a few (Table 5) . Although the linked orbital arcs are fitted quite satisfactorily, we believe that the identity of C/1999 M3 with C/2004 L10-not to mention the other Kracht-group membersis much less likely than the above identities of the Marsden-group comets. We were unable to link C/1999 N6 with C/2004 L10.
Based on this limited evidence, the orbital-period range for the Marsden-group comets appears to be between 5.5 and 6.0 yr in the least. Although no results are available for the Kracht group, its orbital-period range is expected to be similar. We tentatively conclude that (1) the linkage of C/1999 M3 with C/2004 L10 is spurious and (2) both the three Marsden-group comets from early 1998 (Table 4) , which should have reappeared by early 2004, and the two Kracht-group comets from mid-1999 (Table 5) , which should have returned most probably before 2005 August, seem to have become too faint to be detected again (see x 4.4). The premise of an orbital-period distribution confined to a range of 5.5-6.0 yr can further be tested by searching the pre-1999 SOHO coronagraphic images for previous returns of the [2001] [2002] [2003] [2004] [2005] members of the two groups, that is, the cases similar to the apparent identity of C/1996 V2 with C/2002 V5. The difficulty is that the LASCO coronagraphic operations were rather incomplete in the early times of the SOHO mission, with occasional gaps especially in the first half of 1996. The operations were suspended when contact with the SOHO spacecraft was lost in 1998 July-September and again during the gyroscope failure in 1998 December-1999 January. Also, at times when one could rely only on the less sensitive C3 coronagraph must it be most difficult to detect previous appearances of the Marsden- Table 12 after their conversion to the geocentric coordinate system, allow us to examine in detail the process of separation from their common parent.
The fragmentation model that we employ was developed long ago (Sekanina 1978 (Sekanina , 1982 . Linked with an orbit-determination code based on a simple Keplerian motion, which is more than adequate for scenarios involving not-too-long intervals of time between fragmentation and observation, the model was successfully tested on many occasions since its inception. The full-scale version describes a fragmentation event by up to five parameters: (1) the time of fragmentation t frg ; (2) the components of the separation velocity V sep in three cardinal directions; and (3) the differential deceleration due to outgassing asymmetry. The directions defined by the heliocentric orbit of the parent comet are the radial (away from the Sun), transverse, and normal directions of the right-handed RTN coordinate system at time t frg . The respective components of the separation velocity are V R , V T , and V N .
More recently, the software for the fragmentation model was linked with an elaborate orbit-integration code, and in this configuration it was employed for the first time in our investigation of the fragmentation sequence and hierarchy of comet D/1993 F2 (Shoemaker-Levy 9; see Sekanina et al. 1998) . The code's equations of motion account for the differential planetary perturbations affecting the fragments and include the relativistic effect and the nongravitational terms in Style II of Marsden et al. (1973) , characterized by parameters A 1 and A 2 . The code allows the user to integrate the motion numerically forward or backward in time with a variable step that automatically prevents the accumulation of error from exceeding a prescribed tolerance limit.
The integration of motion starts from an osculation epoch at which the orbit of the primary fragment is known. An iterative least-squares differential-correction procedure, which makes use of software that solves the normal equations for an arbitrary number of unknowns, is applied to determine the parameters of the fragmentation model from available astrometric offsets, as described above. An important feature of the software is the option to solve for any combination of fewer than the five parameters, so that a total of 31 different types of solution are available. This option proves very beneficial when the convergence is slow or the parameters are highly correlated with one another. Before applying the upgraded version of this technique to the pair of C/2004 V9 and C/2004 V10, we make two remarks: (1) in nontidally formed configurations of split comets (as defined in Sekanina 1997) it is common that the leading fragment is the most massive one and usually-but not always-the brightest; and (2) our experience with a large number of split comets indicates that plausible fragmentation solutions require low separation velocities, not exceeding a few meters per second. Now, the fact that the fainter member of the pair, C/2004 V10, preceded the brighter suggests-especially in the absence of activity-that their relative motion was probably dominated by the conditions at splitting rather than by the companion's subsequent differential deceleration. Our early computer runs for this pair convinced us that the available astrometric data, of fairly low accuracy, would at best allow only two-parameter solutions and that the fragmentation time t frg and the radial component V R of the separation velocity were the parameters that could not be solved for at all. Accordingly, we assumed V R ¼ 0 and searched for solutions with fixed fragmentation times, which we varied at a constant step from run to run.
We examined two classes of fragmentation scenarios for this pair of comets by solving (1) for the transverse and normal components of the separation velocity (V T and V N ) and (2) for V N and the deceleration . We were unable to derive a satisfactory solution for a fragmentation time near the 1999 perihelion time. When ignoring four of the nine offsets (Table 12) , we were able to come up with a range of solutions, some of which were very satisfactory; six selected solutions are listed in Table 13 , and the positional residuals from four of these are presented in Table 12 .
The first two solutions in Table 13 , which place the splitting at 100 days before the 1999 perihelion, appear to be the most satisfactory ones. They are representative of scenarios whose fragmentation time ranges from two to more than four months before the 1999 perihelion, all offering a nearly identical fit to the five employed offsets in Table 12 . Solution 1 shows that V T is very low, but not well determined, while solution 2 indicates that the same is true about . In either case, V N amounts to less than 3 m per second and the rms residual is equivalent to about 0.3 pixel size of the C2 coronagraph, reaching a broad minimum near 100 days before the 1999 perihelion. Thus, the bulk of the effect was due to the companion's separation velocity in the direction normal to the orbit plane. When the breakup episode was assumed to have taken place closer to the 1999 perihelion, the fit improved only marginally, but the implied value of V N increased rapidly, making such cases unacceptable, as illustrated by solution 3. All runs with the breakup assumed to have occurred within about a month of perihelion failed to converge. Runs that assumed the fragmentation event to have occurred after the 1999 perihelion led to unacceptable scenarios. The normal component of the separation velocity was much too high, well in excess of 10 m per second until about t frg ¼ T þ 100 days. By that time the quality of fit deteriorated markedly (solution 4). The magnitude of V N reached a minimum of $7 m per second for breakup events $300 days after the 1999 perihelion, after which V T and V N were increasing and the fit was steadily deteriorating as the assumed fragmentation time drew closer to the 2004 perihelion. When was solved for instead of V T , the fitting was somewhat better (solution 5), but these scenarios show C/2004 V9 to be decelerated relative to C/2004 V10 and imply, contrary to all indications, that the latter object was the more massive of the two. For fragmentation times greater than about 600 days after the 1999 perihelion, the deceleration began to increase rapidly (solution 6). The fit never became as satisfactory as for the runs with the breakup before the 1999 perihelion, and it further deteriorated as the fragmentation time was approaching the 2004 perihelion.
In summary, we submit that C/1999 J6 broke into C/2004 V9 and C/2004 V10 a few months before the 1999 perihelion, and the event is described fairly well by solutions 1 and 2 in Table 13 . Thus, C/1999 J6 was already double when imaged on 1999 May 11. The absence of observed duplicity is explained by the fact that for any breakup time as far back as $130 days before the 1999 perihelion, the fragments were separated by less than 11 00 (a pixel size of the C2 coronagraph's CCD detector array) and therefore unresolved in all the May 11 images of C/1999 J6.
Comets C/2000 C3 and C/2000 C7 made up the only other pair in the Marsden group whose images could be measured in common C2 coronagraph frames. Only two in number, the astrometric offsets (referred to the center of Earth) are listed in Table 14 , which shows the separation distances of $0N6, similar Our experience with the 2004 pair suggests that the order in which the fragments of the 2000 pair arrived rules out a major effect of the deceleration on their relative motion, and we assumed it always to be zero. The time of fragmentation was, not surprisingly, indeterminate, and we used the same procedure as in the case of the 2004 pair in an effort to constrain it. We found that this time the normal component V N of the separation velocity always came out to be very close to zero, so there was no need to solve for it. The only unknown parameters that we were left with were V R and V T . All solutions based on the assumption of the fragmentation event preceding the presumed 1994 perihelion of the parent of the 2000 pair failed, so that the fragments appear to have been less than one revolution old when they arrived in 2000. Table 15 lists selected solutions on various assumptions for a fragmentation time between 1994 and 1999, all of which fit the offsets in Table 14 with an rms residual of AE4B5 or 0.4 the pixel size of the C2 coronagraph's detector.
The best solutions in Table 15 -the ones with a low separation velocity near 1.7 m s À1 -imply a fragmentation event occurring between 400 and 800 days after the presumed 1994 perihelion (solutions 4 and 5). Assumptions of an earlier breakup, especially at a time of less than 100 days after the 1994 perihelion, result in inferior solutions because of the high values implied for V T (solutions 1 and 2). Assumptions of a more recent breakup, less than some 700 days before the 2000 perihelion, also lead to unsatisfactory results, as the values required for V R were unacceptably high (solution 7).
Judging from these results, it appears that pairs of the Marsden group with fragments less than $1 apart near perihelion, can be explained by low separation velocities, not exceeding 3 m per second. The age of the two examined pairs is found to be very short, on the order of one revolution about the Sun. We strongly suspect that this is the same fragmentation process that has been shown to proceed on a massive scale in the Kreutz system, accounting for the large numbers of pairs and clusters among the sungrazers (e.g., Sekanina 2002a Sekanina , 2002b . Since the two examined pairs of the Marsden-group comets are some of the closest on record (Table 4) , it is desirable to investigate-to the extent possiblewhether the above conclusions also apply to other pairs and clusters of the Marsden and Kracht groups. While we cannot extend the application of our fragmentation model to any additional cases, we can use a version of the same computer code to set constraints to known orbital parameters of these objects.
Clustering and Age of Fragments
From the results for the two comet pairs of the Marsden group in x 4.2, one may be tempted to conclude that the near-perihelion zone tends to be avoided by recent fragmentation events. This is not the case (x 4.4). We are confronted by a selection effect, which stems from our requirement that both members of the pair appear in the coronagraph's field of view at the same time and that they therefore arrive at perihelion nearly simultaneously, within a few hours of each other. Inspection of Tables 4 and 5 indicates that a median value of the differences between the perihelion times of two consecutive comets in pairs and clusters is near 0.8 day for the Marsden group and near 0.9 day for the Kracht group, if a pair/cluster is defined conservatively by an upper limit of 10 days between any two consecutive entries. The average values for the perihelion-time differences, which are much more sensitive to the choice of the upper limit than the median values, are higher by a factor of $3.
To investigate these perihelion time differences, we assume that a Marsden-or Kracht-group comet splits at or near perihelion one revolution earlier. We examine the magnitude of the maximum difference ÁT between the perihelion times of the two fragments at the next return caused by their separation velocity V sep of less than 3 m per second ( proposed in x 4.2 as an upper limit). For fragmentation events that occur close to perihelion, the difference ÁT (in days) can satisfactorily be approximated by a change in the orbital period between the two fragments derived from the virial theorem: where V Ã sep is the minimum separation velocity (along the orbitalvelocity vector; in m s
À1
) that can cause the effect of ÁT , r frg ¼ r(t frg ) is the comet's heliocentric distance at fragmentation (in AU ), and P is the orbital period (in years).
In the virial-theorem approximation, the solution is symmetrical relative to perihelion for both the fragmentation times t frg and the differences ÁT , which are taken in equation (1) to be always positive regardless of whether a fragment precedes or follows a reference fragment in the same cluster or pair. The separation velocities for a hypothetical fragment of C/1999 J6 (q ¼ 0:0491 AU, P ¼ 5:49 yr; see Marsden's [2004b] elliptical orbit) that are lower than 3 m per second are presented in Table 16 , from which one can see that a ÁT effect of up to 10 days is fully accounted for. We point out that in reality there is some minor asymmetry that arises from the planetary perturbations. There are also systematic deviations from the symmetry that grow with increasing temporal separation of a fragmentation event from perihelion, as the virial-theorem approximation becomes less satisfactory. We randomly checked these effects by rigorously integrating the motions of several hypothetical fragments of C/1999 J6. For this purpose we employed our orbit-integration code, described in x 4.2, but this time linked with another iterative least-squares differential-correction procedure that examines effects of the separation velocity (as well as the deceleration) on the individual orbital elements rather than on astrometric offsets. This version of the computing technique was elaborated upon in Sekanina & Chodas (2002) .
We found that the approximation by equation (1) was entirely satisfactory for fragmentation times of up to several tens of days from perihelion. The asymmetry effects in ÁT from events assumed to have occurred 200 days before and after perihelion amounted to several centimeters per second. At 500 days from perihelion the virial-theorem approximation was essentially useless.
An important conclusion from this simple exercise ( Table 16 ) is that the differences in the perihelion times of consecutive entries in Tables 4 and 5 of up to $10 days, typical for the pairs and clusters in the Marsden and Kracht groups, can readily be explained by a single breakup of the parent comet about one revolution earlier. Such fragmentation events require separation velocities of less than 3 m per second and are likely to occur along the perihelion arc of the orbit (within 1 day or so of the perihelion passage). In a large majority of cases, the fragments of a pair or cluster are not in the field of the SOHO coronagraphs at the same time, so that the model applied in Tables 12 and 14 cannot now be used. The hierarchy of the Marsden and Kracht groups is consistent with the age of many, if not most, of their members being less than two revolutions about the Sun, equivalent to less than $10 yr. In particular, the fainter comets whose observed arcs did not exceed $10 hr are likely to belong to this class of exceedingly young objects.
This conclusion is corroborated by the failure of the three Marsden-group comets from early 1998-C/1998 A2, C/1998 A3, and C/1998 A4 -to reappear in 2003 or early 2004 (x 4.1). Making up a cluster in 1998, the three objects were each seen for only 2-3 hr in the C2 coronagraph, just like C/2004 V10 (2.8 hr) and C/2000 C7 (2.6 hr). We suggest that they were products of a fragmentation episode (or episodes) that had taken place one revolution earlier, probably in 1992, years before the launch of the SOHO spacecraft. Unless the 1998 comets are found during a future SOHO archive search in the coronagraphic frames from 2003 or early 2004 (a possibility that a priori is unlikely), their appearance as separate objects nearly 8 yr ago may have been the first as well as the last one. This conclusion applies equally to faint Kracht-group comets, even though their temporal distribution is less favorable for conducting this kind of analysis.
Evidence of Cascading Fragmentation
The proposed sequence of events offers possible evidence for a process of cascading fragmentation, whereby an initial parent object broke up into two or more first-generation fragments, at least some of which further broke up into two or more secondgeneration fragments, etc. Strong evidence that this process has been going on for the Kreutz system of sungrazing comets is based on two facts: (1) the disintegration of all SOHO sungrazers before perihelion requires that their existence as separate objects cannot predate the previous return to the Sun and (2) the large scatter in the angular orbital elements and in the perihelion distance of these sungrazers indicates that fragmentation proceeded mostly at very large heliocentric distances, where a separation velocity is not a negligibly small fraction of the orbital velocity.
The most compelling argument for cascading fragmentation of Marsden-group comets is presented by the fact, briefly remarked on in x 4.1, that Marsden (2005a Marsden ( , 2005b (Marsden 2005b; Green 2005b ). None of the three August comets, whose returns were due between April 28 and May 18, was observed, nor were any remnants of the brighter object C/1999 U2 in early October of 2005.
There are two significant differences between the pairs C/2004 V9-V10 and C/2000 C3-C7 on the one hand and the pairs C/1999 J6-N5 and C/2005 E4-G2 on the other. The members of the first two pairs arrived at perihelion within a few hours of each other, the fainter always preceding the brighter. The members of the latter two pairs arrived at perihelion 1-2 months apart, the fainter always following the brighter. These separations are too large to be explained by low enough separation velocities (unless the fragmentation events occurred, most improbably, many revolutions ago); also, either of the two latter pairs fails to satisfy the criterion for clustering as defined in x 4.3.
These seemingly major discrepancies have a simple explanation. The separations between fragments in each of the latter pairs were so large because they were brought about by a differential nongravitational deceleration, not by a separation velocity. We undertook to investigate this problem in detail, using a version of the iterative least-squares differential-correction code for the fragmentation model, which, described by Sekanina & Chodas (2002) and already employed in x 4.3, fully accounts for the differential Marsden's (2005a Marsden's ( , 2005b orbital elements for C/2005 E4 and C/2005 G2 (from his solutions linking them with C/1999 N5) reduced to a common osculation epoch. The errors are from our run in Table 8 . It is apparent that only the differences in the perihelion time and the eccentricity and, to a degree, in the perihelion distance are significant. Only marginally significant is the difference in the argument of perihelion.
The results of our calculations are four fragmentation solutions listed in Table 18 . Solution 1 is based on an assumption that the comet pair separated with no relative velocity at the 1999 perihelion and moved under a differential nongravitational force. Except for the argument of perihelion, the residuals in the orbital elements are smaller than the errors in Table 17 . Relaxing the constraint on the time of separation, we find in solution 2 some tendency for the fragmentation event to have occurred about a day or so before perihelion, with the deceleration nearly doubled. Solving, in addition, for the normal component of the separation velocity yields an indeterminate result (solution 3), which however suggests that C/2005 G2 may have been released slightly to the south of the orbital plane. Forcing a lower separation velocity (conforming to our conclusions in xx 4.2-4.3) yields solution 4, which in terms of the rms residual is entirely acceptable and the best among the four. It shows a more distinct preference for a preperihelion fragmentation event than solution 2. No satisfactory solutions involving the radial and/or transverse component(s) of the separation velocity were found. Contrary to the pairs C/2004 V9-V10 and C/2000 C3-C7, the breakup of C/1999 N5 into C/2005 E4 and C/2005 G2 shows that fragmentation of Marsden-group comets can occur in the immediate proximity of perihelion and that the motions of fragments can be dominated by a differential deceleration.
Next we examined the relationship between C/1999 J6 and C/1999 N5. Some of our preliminary results have been reported by Green (2005b) . Of major interest was the meaning of the orbital similarity in 1993, as published by Marsden (2005a) . Using our code, we integrated his 1999 orbits for the two objects back in time to 1993 and were able to reproduce his result. The orbital difference is presented in the first line of Table 19 . We then integrated our orbits for the two comets (listed, respectively, in Tables 6 and 8 ) back in time to the same osculation epoch and computed the differences between these elements. The numbers are in the second line of Table 19 . Since there is no compelling reason for a priori preferring either of the two orbital pairs over the other, we have two sets of orbital differences whose comparison provides information on the degree of uncertainty involved in the orbital extrapolation from 1999 to 1993. The discrepancies between the two sets of differences in the six orbital elements is presented in the third line of Table 19 and compared with the combined formal rms errors (from Tables 6 and 8) in the last line. Table 19 raises serious doubts about the identity of C/1999 J6 with C/1999 N5 before 1993. The large deviations from a common orbit (zero difference) derived from both Marsden's and our results for three elements, and especially i and e, amounting on the average to, respectively, some 5 , 19 , and 20 , are most disturbing, because the discrepancy is always smaller than 3 . The discrepancy in ! is smaller than the rms error, which means that the deviation from a common orbit in this element is about 3 and is only marginally acceptable. Although the discrepancy in T is, not surprisingly, more than 3 orders of magnitude greater than the 1999 rms error, the averaged deviation from a coincident perihelion passage is only about 2 and therefore still acceptable. The perihelion distance is the element that is most consistent with the notion of the two comets having been identical before 1993. While it is possible that C/1999 J6 and C/1999 N5 separated from a common parent in 1993, they do not appear to be its only two fragments.
Doubts about direct separation of C/1999 J6 and C/1999 N5 from each other are further strengthened by an independent examination of their 1999 orbits, using the technique applied to the pair C/2005 E4 and C/2005 G2. The 1999 orbital differences in the ascending node and inclination require an absurdly high separation velocity of more than 800 m s À1 (!) in the direction normal to the orbit plane, if the breakup occurred at perihelion. If it took place far from perihelion, it is the nongravitational deceleration that attains an unacceptably large value. We thus find compelling evidence that even if C/1999 J6 and C/1999 N5 should be fragments of a common precursor, its fragmentation was much more complex than a simple breakup into the two pieces; the process is likely to have involved a number of events and fragments. It is premature at this time to speculate on the identity (and survival) of any additional fragments, even though C/1999 U2 comes to mind as one possible candidate. A resolution of this puzzle is clearly a subject for future investigations.
Erosion Light Curve and Fragment Survival
Whether or not the Marsden and Kracht comets display any activity has been a matter of some debate. Meyer (2003) describes their physical appearance as almost stellar. The lack of a differential deceleration in the motions of some fragments (x 4.2), but its presence in the motions of others (x 4.4) provide us with no clear answer about the role of dynamical effects from directed, jetlike outgassing.
With regard to C/1999 J6, Meyer mentions that the comet might have been of magnitude 11 during a close approach to Earth about a month after its perihelion passage. Since Marsden's (2004b) new elliptical orbit suggests that the approach was much closer, to 0.0087 instead of 0.024 AU, the comet would have been of magnitude 9 and unlikely to escape attention of observers.
Comet C/1999 J6 is the only object among the Marsden-and Kracht-group comets for which the light curve is known reasonably well. Listing a crude proxy parameter for the comets' brightness in Tables 4 and 5 is the result of our effort to rectify this unfavorable situation to at least some extent. By contrast, light curves are available for a total of 141 SOHO Kreutz sungrazers, published by and in tabular form by Biesecker & Green (2002) . These papers are also sources of information on the magnitude ranges of the C2 and C3 coronagraphs. Generally, fainter comets are detected only in the C2 coronagraph.
Visual magnitudes of C/1999 J6 were measured by Biesecker (2000) from seven images along its track across the field of view of the C2 coronagraph. Although the comet was imaged with the C3 coronagraph until 0.8 day after perihelion, the brightness data cover only the preperihelion arc of the orbit (fortunately the most important part), starting some 0.84 day before perihelion. Figure 1 presents the seven measured magnitudes, normalized by an inverse-square power law to 1 AU from the SOHO spacecraft, H Á , plotted against the time from perihelion as well as the heliocentric distance. To examine the presence of a possible phase effect, the magnitudes, normalized in addition by an inverse-square power law to 1 AU from the Sun, H 0 , are plotted in the figure against the phase angle.
Two conclusions that can be readily drawn are (1) the brightness variations do not follow an inverse-square law or any other power law, and (2) no phase effect can account for the two brightest data points. Although the first five observations can approximately be fitted, both the slope of the phase law, 0.142 mag deg
À1
, and the normalized magnitude at zero phase, H 0 ¼ 9:6, are meaningless.
On the other hand, the light curve of C/1999 J6 in Figure 1 is very similar to the light curves of the SOHO sungrazers, presented by Uzzo et al. (2001) and by , except that the branch of decreasing brightness with decreasing heliocentric distance below $11 R is missing (q of C/1999 J6 is 10.6 R ; Table 4 ). A less apparent, but still significant difference is in the rate of brightness increase between 20 and 15 R , which can crudely be approximated by an $r À8 law, making the slope clearly steeper than for the Kreutz sungrazers.
The light curves of 27 well-observed SOHO sungrazers were fitted most satisfactorily by Sekanina (2003) , who employed his model for an erosion process consisting of progressive bulk fragmentation and sublimation of these minicomets on their approach to the Sun. The visual light was shown to be dominated by profuse sublimation of sodium from the continuously fragmenting body, while the loss of mass was found to be primarily due to fragmentation itself. The gradual brightening of a SOHO sungrazer during the first phase of its approach to the Sun followed by the fading is diagnostic of an object subjected to a progressively increasing radius-loss rate: the effect of solar heating prevails farther than about 11-12 R from the Sun, while the loss effect dominates at smaller distances. The light curve depends on a number of physical quantities, of which the most important are (1) the latent energy of erosion, which determines the comet's rate of erosion just as the latent heat of sublimation determines the sublimation rate of a volatile substance, and (2) the initial diameter of the approaching comet's nucleus, before the erosion process becomes significant. Among the SOHO sungrazers, the erosion energy distribution is bimodal, with sharp peaks near 35,000 and 40,000 cal mol
, except that subfragments that survive down to $3 R have an erosion energy of 60,000 to nearly 90,000 cal mol
. The initial diameters of the studied SOHO sungrazers, normalized to a density of 0.5 g cm
À3
, range from 16 to 130 m, none surviving the perihelion passage. The model also allows one to estimate that for this density the total eroded layer of a sungrazer's nucleus during its perihelion passage amounts to nearly 0.5 km. Thus, only sungrazers more than $1 km in diameter survive one return to the Sun. It is important to distinguish this erosion process, which is strongly heliocentric-distance dependent and plays a major role only near the Sun, from the episodically continuing process of spontaneous or nearly spontaneous disruption, which proceeds nearly at random throughout the orbit as part of cascading fragmentation; the Kreutz system sungrazers provide ample evidence for both of these mass-loss processes (e.g., Sekanina 2002a; Sekanina & Chodas 2004; Marsden 2005e ). In the general proximity of the Sun, erosion, cascading fragmentation, as well as the sungrazers' tidally triggered splitting, may in fact overlap.
We tested the erosion model on the light curve of C/1999 J6. The result in Figure 1 shows an excellent match, given that the data points are accurate probably to AE0.1 mag near the bright end of their range and to AE0.4 mag near the faint end (see Fig. 4 of Sekanina 2003) . The parameters of the solution indicate that the derived erosion energy, 47,000 cal mol À1 , is markedly higher than for the main components of the SOHO sungrazers, perhaps explaining the sunskirters' nearly stellar appearance, noted by Meyer (2003) . At an assumed mean molecular weight of 200 g mol À1 (close to the numbers for silicates) and a density of 0.5 g cm At least two implications of these findings are clearly worth noticing. If C/1999 J6 and C/2004 V9 are the same object, as is almost certain, it should reappear in up to two more of its returns to the Sun, first in 2010 and as a faint object perhaps again in 2015, which should be its last passage through perihelion before its complete disintegration. Of course, possible intervening fragmentation episodes may further shorten its lifetime. Regarding the comet's brightness at the time of closest approach to Earth in 1999 June, we obtain an estimated apparent visual magnitude 16, corresponding to a diameter of 35.4 m ( Table 20) at an assumed geometric albedo of 0.04 and zero phase; at the actual phase angle of nearly 90 , the magnitude should have been between 19 and 21, which for all practical purposes rules out its accidental detection at the time.
Turning now to fragment C/2004 V10, we find in Table 4 that it was observed from 0.32 day to 0.20 day before perihelion. Although no magnitude data are available, it is known that the object was not seen with the C3 coronagraph and was probably fainter than apparent magnitude 8. Table 20 lists three possible erosion solutions, of which cases A and B satisfy a condition that the light curve peaked midway between the first and last observations, but in case A the comet is calculated to have been more than 1 mag brighter than in case B. Since the last observation was made as the comet was leaving the field of view of the C2 coronagraph, its light curve may have peaked a little later than assumed in cases A and B. Case C is based on the assumption that, instead, the brightness peak was reached at the time of the last observation. We do not know to what extent each of the three models for C/2004 V10 is representative of the fragment's true behavior. However, in the least they provide us with insight into possible solutions. It is noted that in cases A and B the fragment would disintegrate entirely before completing its 2004 return, while in case C a small boulder might still survive. Perhaps more important is the extrapolation of the three models back to 1999. When splitting from C/1999 J6, the companion would be nearly 25 m across in case A, but only 17 m in cases B and C. Since the companion's brightness contributes to the integrated brightness of C/1999 J6 in Table 20 , the latter's corrected initial (pre-1999 approach) diameter would be only 41 m in case A and 45 m in cases B and C, with the preapproach diameter of C/2004 V9 to be scaled down accordingly. The erosion rate of C/1999 J6 may also be slightly affected.
Summarizing the results of xx 4.1-4.5, we find that the orbital period of the Marsden-group comets (and probably the Krachtgroup comets as well) is likely to range at least from 5.5 to 6 yr, thus exceeding the orbital period of 96P but comparable to the orbital periods of the other contributors to the Machholz complex. Because of this short orbital period, the typical lifespan of the Marsden-and Kracht-group comets is considerably shorter than that of the Kreutz system sungrazers, even though the difference in the perihelion distance may moderate the effect to some extent. The observed Marsden-and Kracht-group comets appear to be products of cascading fragmentation and terminal erosion, just as the SOHO sungrazers. Faint members of the Marsden and Kracht groups are likely to be nearly inert objects, surviving for less than two revolutions about the Sun. On the other hand, the brightest members may still be retaining some limited activity and have lifetimes of several revolutions. Both groups must be replenished from the reservoir of a smaller population of more massive parent bodies (direct precursors) in orbits of somewhat higher inclination and greater perihelion distance, of whose existence we currently have at best only indirect evidence -from the clustering in the two groups and from orbit evolution models (x 7.4). The clusters (Tables 4 and 5) suggest that the number of these objects, which several revolutions earlier may have contained much more mass than all the known members of the two groups today, was very limited. These direct precursors must have had their own parents-still less numerous but more massive objects, all making up a complex population hierarchy of either group.
With one minor exception (long-term changes in the orbital period; x 7.3), this concludes our examination of the terminal phase of evolution of sunskirting comets. Our next subject of interest is the source of this Machholz interplanetary complex.
FIRST PRECURSORS OF MACHHOLZ COMPLEX
This investigation of the long-term evolution of the Machholz complex in general and the Marsden and Kracht groups in particular is based on the assumption that comet 96P and the massive, parent bodies of the two groups and other related objects share a common progenitor, from which they separated. Because of diverse orbital evolutions of the various contributors to the Machholz complex, we believe that the number of original parent bodies (i.e., the progenitor comet's first-generation fragments), which we call first precursors, may have been fairly high. Of greatest interest are the first precursors that split off most recently, because their sizable fragmentation products are the most likely to have survived until the present time.
Objectives and Approach
Our prime objectives are threefold. Efforts will be made (1) to determine or constrain the times and locations of fragmentation events that the progenitor must have experienced in the process of giving birth to the first precursors and the conditions under which the formation of these offspring objects occurred; (2) to explore the long-term evolution of the first precursors injected into low-inclination orbits that differ substantially from the orbit of comet 96P; and (3) to test the proposed model of the orbital evolution of the Machholz complex on the available data. The origin and evolution of the second precursors (i.e., the firstgeneration fragments of the first precursors) and higher generations of fragments are not directly addressed in this paper.
To begin with, we focus on the origin and properties of the first precursors. Given the short-lived nature and faintness of the Marsden-and Kracht-group comets (x 4), we consider it practically certain that there is no first precursor present among their members in Tables 4 and 5 . This means that the results for the precursors that we obtain below cannot be compared directly with information on individual Marsden-and Kracht-group comets or on meteoroids in the presumably associated streams. However, one would expect that statistically there is a degree of similarity in the properties of different generations of fragments, and this is the subject of our major effort.
In x 4 we commented on limited evidence for the fainter present-day Marsden-and Kracht-group comets to be nearly inert objects, as we did not find it necessary to solve for differential decelerations between fragments in a comet pair (x 4.2). On the other hand, we remarked that the bright members of the groups appear to be a little active (x 4.4). Certainly comet 96P is an active object, even though the nongravitational forces affecting its orbital motion are rather small. To make sure that no relevant orbital solutions are missed, we consider it necessary to include potential effects of differential decelerations on the motions of the first precursors. Thus, in our search for orbits of these objects, we employ the full-scale, five-parameter fragmentation model, introducing both the separation velocity components in the cardinal directions and a differential nongravitational deceleration. However, since the first precursors must be massive objects, persisting for a fairly large number of revolutions about the Sun, experience with split comets (e.g., Sekanina 1982 ) suggests that such objects should be subjected to only low decelerations, not exceeding 10 units of 10 À5 solar gravitational attraction, or $0.6 m s
À2
at 1 AU from the Sun. The separation velocities must not exceed a few meters per second (x 4.2).
Computing Technique
To make the case for a relationship between comet 96P and the precursors of offspring populations compelling, the general orbital characteristics of each such population have to be reproduced by orbital solutions searched for by integrating the motion of 96P back to the time of a fragmentation event, by applying a small orbital momentum change at that time, and then by integrating the adjusted motion forward to the present time. The orbital momentum increment at fragmentation is, as before, expressed in terms of a separation velocity (x 5.1). Our orbit-integration code (xx 4.2 and 4.3) was employed in a version not linked to the least-squares differential-correction procedure. Instead, for each integration run the code provided times and minimum encounter distances (smaller than a prescribed upper limit) of both fragments with each of the planets.
Such a search is in practice a gigantic task, whose exhaustive solution is beyond the capability of a computer with a $1 GHz microprocessor that we had available. Constraints (x 6) were introduced to make the task tractable.
The starting point of our calculations was the set of osculating orbital elements for comet 96P, derived by M. S. W. Keesey 2 from 144 astrometric observations made during the object's four apparitions 1986, 1991, 1996, and 2002 . For the standard, 40-day osculation epochs nearest the perihelion times, the elements are presented in Table 2 , together with a set of nongravitational parameters that satisfy the observations and with additional information on the orbital solution. Not used in our investigation were two three-apparition solutions, 1986-1991-1996 and 1991-1996-2002 , which did not require the introduction of nongravitational terms into the equations of motion ( M. S. W. Keesey 2003, private communication).
SEARCH FOR LOW-INCLINATION SOLUTIONS
The differences between the present-day orbits of 96P and the Marsden-group comets amount to more than 30 in the inclination, more than $10 in the longitude of the ascending node, and more than a factor of 2 in the perihelion distance. The discrepancies between 96P and the Kracht-group comets are even greater in the inclination and the node. And the Southern Aquarid swarm ascends the ecliptic on the same side of the Sun on which 96P descends. To address the challenges that these enormous differences present, a search for the first precursors was conducted in a systematic priority-oriented manner.
Initial Selection of Fragmentation Scenarios
Our top priority, which motivated the line of attack described below, was a search for first precursors of the lowest possible age nowadays moving about the Sun in orbits of low inclination. This requirement implies a trade-off, because, intuitively, the magnitude of an effect in the orbital inclination increases with the age of first precursors. We began this search by introducing a very large set of hypothetical fragmentation scenarios, which can be described in a matrix form as follows:
where É 0 involves the combinations of the separation velocity, whose radial, transverse, and normal components are, respectively, V R , V T , and V N (x 4.2), and the deceleration ; É 1 are the scenarios defined by the fragmentation times reckoned from perihelion at a given return to the Sun, frg ¼ t frg À T (< frg ); and É 2 are the scenarios described by the returns < frg during which the assumed fragmentation episodes occur. Symbols indicate that the summary scenarios, É, are all possible combinations of É 0 , É 1 , and É 2 . If N 0 , N 1 , and N 2 are, respectively, the numbers of scenarios É 0 , É 1 , and É 2 , then the number of scenarios É, or the number of required orbit integration runs, is
The combinations of the separation velocity and deceleration that we used are of two types, restricted and expanded. They both assumed that jV R j ¼ jV T j ¼ jV N j. Writing X for R, T, and N, the restricted combinations are
where
ÀV R ; ÀV T ; ÀV N ; 2 6 6 6 6 6 6 6 6 6 6 6 6 6 4 3 7 7 7 7 7 7 7 7 7 7 7 7 7 5
: ð5Þ
The expanded combinations are similarly 0 ¼ 10 for the matrix from equation (6). In the early phases of our search, we employed three sets of combinations, whose sum was set É 0 in equation (2):
where again the separation velocity is in m s À1 and the decelerations in the same units as in x 5.1. Symbols È indicate that the three sets are added together, making N 0 ¼ 26 in equation (3).
The following set of fragmentation times (in days) relative to perihelion was selected
þ350 þ600 þ900 2 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 4 3 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 5
; ð8Þ
where a minus sign indicates a preperihelion event and vice versa. With the comet's orbital period of $5 1 4 yr, the entire orbit was covered. Since the matrix in equation (8) has
A set of scenarios É 2 (< frg ) is determined by the perihelion returns of comet 96P. To facilitate their description, we list in Table 21 the dates on which the integration of the 1986-2002 orbital elements, described in x 5.2 and listed in Table 2 , showed the comet to have passed through perihelion between 1986 and AD 150. The perihelion times < k of the returns in Table 21 are counted from the discovery apparition of 1986, so that, for example, k ¼ À16 for the first return of the 20th century, when the comet's perihelion was found to have occurred on 1902 April 26. A set É 2 , defined by < and < , the perihelion times of, respectively, the most recent and the earliest returns, has a matrix form:
< 2 6 6 6 6 6 6 6 6 6 4 3 7 7 7 7 7 7 7 7 7 5 ; ð9Þ
where < 0, < 0, and > . The number of perihelion returns involving the assumed fragmentation events is
The enormity of required computing is apparent from a few estimates. For example, if we knew that the first precursors were born at some time during the past 300 yr, a careful examination at the proposed level implies N 2 ' 55, requiring nearly 16,000 computer runs. If the birth of the first precursors took place during the past 800 yr, N 2 ' 150 and the number of required runs would exceed 40,000. It should be emphasized that this was not the total amount of calculation needed, as these estimated orbit integration runs supported only an early phase of investigation.
Time Span of Low-Inclination Solutions
It turned out that the above estimates were still too optimistic. To make the problem computationally tractable, we decided to focus in this first phase of our exercise on detecting patternsrather than individual changes-that were diagnostic of solutions with orbital inclination dropping from $70 to below 30 . We inspected effects of fragmentation episodes not at every single return, but only at about 40 essentially randomly selected returns during the past millennium. Still, more than 10,000 orbit integration runs were needed to complete successfully this scaleddown task. We soon realized that the investigated major orbital transformation was much more probably a sum of relatively minor, uneven orbital changes accumulating over a period of time rather than an effect of a single, extremely close approach to Jupiter. Periods of time that contained lower inclination solutions alternated with periods of only high-inclination solutions, requiring constant readjustments in the search procedure.
The most significant result of this first phase of our search was the finding that orbital solutions with a present-day inclination lower than $30 and a perihelion distance of $0.05 AU or less became suddenly more frequent (although by no means common) for fragmentation events assumed to have occurred around or before the year AD 1000. Our experimentation further showed that low-inclination solutions correlated with the location of fragmentation events in the orbit, indicating that episodes occurring within about 100 days of perihelion were favored. The effects were approximately symmetrical relative to perihelion, suggesting that as far as the orbital transformation was concerned, the transverse component of the separation velocity played a greater role than the other two components.
We next proceeded to a second phase of our exercise. It is well known that the nongravitational parameters of comets cannot be approximated by constant values of A 1 and A 2 over long intervals of time. Since the only set of nongravitational parameters for comet 96P was determined by Keesey from the comet's four linked apparitions 1986-2002 (x 5.2 and Table 2), we tested the sensitivity of our fragmentation scenarios to the nongravitational effects by applying a reasonable, but arbitrary, correction. We changed the value of A 2 , the more critical of the two parameters, from À0:0001 ; 10 À8 AU day À2 to À0:0011 ; 10 À8 AU day
À2
, a modest effect, considering that the nongravitational parameters of some periodic comets undergo variations more than an order of magnitude greater over periods of time that amount to only a dozen or so revolutions about the Sun (e.g., Sekanina 1993a Sekanina , 1993b Marsden & Williams 2003) . The postulated change in A 2 of 96P resulted in changes of several days in the perihelion time when the comet's motion was integrated back for several centuries. These changes were sufficient to eliminate virtually all our lowinclination solutions based on the assumption of a separation velocity effect alone ( ¼ 0), while confirming most solutions that assumed the precursor's motion to be affected by a deceleration. We concluded that fragmentation scenarios involving no deceleration were hypersensitive to the nongravitational forces affecting the motion of the parent comet and thereby to the location of a fragmentation event in the heliocentric orbit. Such scenarios become essentially unpredictable, and their investigation could not provide the basis for a meaningful hypothesis of the origin, history, and evolution of a population in low-inclination orbits.
In a third phase of our search for low-inclination solutions, we began to map systematically the long-term dependence of a precursor's orbit inclination on the fragmentation time. We considered only events occurring at perihelion and involving nonzero decelerations. Using two sets of fragmentation parameters, É 0 ¼ þ2; þ2; þ2; þ10 À2; À2; À2; À10
;
we looked for trends in a minimum orbit inclination. The two scenarios led to two classes of solutions: either the first precursor was the less massive (secondary) component of the progenitor comet ( ¼ 10 units), in which case comet 96P was the more massive (primary) fragment (Class 1 solutions) ; or the other way around ( ¼ À10 units), with 96P being the secondary fragment (Class 2 solutions). We established that the set of scenarios with the first precursor's inclination calculated for an osculation epoch on 1999
May 12 varied fairly systematically as the fragmentation time was pushed further into the past, with each new minimum inclination being reached over periods of 32-46 revolutions about the Sun ( Table 22 ). The times of minimum inclination for the Class 1 and Class 2 solutions alternated in a quasi-periodic fashion, so that when a new minimum inclination was attained among fragmentation events for the Class 1 solutions, inclinations for the Class 2 solutions remained high, and vice versa. Consistent with the results from the first phase of this experiment, no fragmentation events more recent than about AD 1000 could send a precursor off en route to a sequence of close encounters with Jupiter, which are shown in x 7.3 to be responsible for the present-day low-inclination orbits (Table 22 ). The Class 1 solutions provide a minimum inclination as low as $19 at the return of 936, the Class 2 solutions a minimum inclination of $27 only 12 revolutions later. Although the orbital period of 96P varies from return to return by as much as 53 days (between 5.22 and 5.36 yr), the times between consecutive inclination minima in Table 22 are always multiples of an orbital period that is within 4 days equal to that of the 9 : 4 resonance with Jupiter, which may be interpreted as a confirmation of the planet's dominant gravitational influence. Of the two types, we strongly prefer the Class 1 solutions, with the first precursor being the less massive fragment, because comet 96P could not survive as a single, large object for more than a millennium if it was not the most massive fragment of the progenitor comet.
SEARCH FOR FIRST PRECURSORS
Based on our experience with modeling split comets (e.g., Sekanina 1982 Sekanina , 1997 and on information about low-inclination orbital solutions (x 6), a search was initiated for first precursors of the Machholz complex populations. We confined this search to separation velocities of less than 2 m s À1 and to decelerations not exceeding 6 ; 10 À5 of the solar gravitational attraction. Only a small subset of Class 2 scenarios (with negative decelerations) was incorporated. The fragmentation times were selected so as to be distributed symmetrically relative to perihelion, and, in most cases, they were restricted to 100 days from perihelion. No progenitor returns to the Sun after AD 1000 were included, and the span of the investigated period was limited by computer-time constraints to 850 yr, so that the starting year was AD 150. The perihelion dates for the returns are listed in Table 21 .
Selection of Fragmentation Scenarios
We adopt the following sets of fragmentation parameters:
1. Altogether five types of combinations of the separation velocity and the deceleration (from eqs. 
a small fraction of sets include
À150 þ150 þ200 þ300 þ400 2 6 6 6 6 6 6 6 6 6 6 6 6 6 4 3 7 7 7 7 7 7 7 7 7 7 7 7 7 5
; N ??
whereas a very minor fraction of them contains the least employed one,
À600 À500 þ500 þ600 þ700 þ800 þ900 2 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 4 3 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 5
; N ??? 1
3. Five combinations of sets É 0 and É 1 are used at all returns between AD 1000 and 150, É 2 (À187; À348), with N 2 ¼ 162.
Two additional combinations are used at the returns 493-451, É 2 (À283; À291), with N 2 ¼ 9.
The list of all sets of fragmentation scenarios used in our exercise is described by
The total number of orbit-integration runs required by this set of fragmentation scenarios is
Of these, only 4788, or 8.3%, are Class 2 scenarios ( < 0). Altogether 28,512 (49.6%) have a separation velocity 0.87 m s , while 9576 (16.6%) have a zero velocity. On the other hand, 43,092 (74.9%) have the fragmentation time within 100 days of perihelion, 13,536 (23.5%) have it 150-400 days from perihelion, and 900 (1.6%) have it 500 or more days from perihelion. All returns are equally represented, 346 scenarios per return, except for the nine between 451 and 493, for which there are 510 scenarios per return (47.4% more).
The back-and-forth orbit integration code, described in x 5.2, was run for each of the 57,528 scenarios, providing us with a massive sample of osculating orbits for the epoch of 1999 May 12, from which our systematic search for first precursors of the various populations of the Machholz complex subsequently began. Because the observed objects are all believed to be higher generation fragments (x 5.1), our task was not to look for one-toone relationships between the observed orbits and the sample orbits. Rather, the selection of a population of first precursors was based on the required compatibility of their orbital elements with the orbital boundaries of the observed population, which we established from the orbits of the population's known members. Defining these boundaries by the intervals h! min ; ! max i, h min ; max i, hi min ; i max i, hq min ; q max i, and he min ; e max i, we say that a scenario yields a potential first precursor of the population when its set of orbital elements f! fp ; fp ; i fp ; q fp ; e fp g satisfies each of the conditions ! min < ! fp < ! max , . . . , e min < e fp < e max . In practice, no firm conditions could be provided by the populations' orbital data for e fp . Because of the constraint imposed by the orientation of the line of apsides, it was not necessary to restrict all three angular elements. Actually, we found it quite adequate to specify population boundaries only in the longitude of the ascending node, inclination, and perihelion distance.
General Results of the Search
Most populations of the Machholz complex whose potential first precursors we searched for are shown in Figure 2 in a plot of the longitude of the ascending node against the orbital inclination, using the approximation of a fixed line-of-apsides orientation. We found no Quadrantid-like orbits in the sample (x 7.5), nor orbits similar to those of the other suspected high-inclination meteor streams (Table 3) , the Ursids, the Carinids, and the Velids. Likewise, the sample contains no low-inclination orbits that would resemble those of the Northern Aquarids or the Cetids.
For the Marsden and Kracht groups and for the Southern Aquarid and Daytime Arietid streams, the search constants and findings are summarized in Table 23 . The most astonishing result is that almost 8% of the entire sample, nearly 4500 orbital sets, fit the specified boundaries of the Marsden group. Although the range in the longitude of the ascending node that we searched through was 44 , all potential first precursors detected by the computer code for this population had this orbital element confined to a narrow interval of about 11 (74 < < 85 ). The statistics of these data is discussed in x 7.6. We found no orbits similar to the orbits of the two possible Marsden-group comets of 2003 (Table 4) , which in all probability had arrived from a different source.
Potential first precursors in the Kracht-group orbits were found to be rare, totaling only 32 or less than 0.1% of the sample.
Considering that the Kracht group is more populous than the Marsden group (Table 1) , this result is rather unexpected, although the clustering (x 4) may account for it. Besides, it is the existence, not the number, of first precursors that counts.
The Southern Aquarid stream is represented in the sample by nearly 100 potential first precursors. On the other hand, there is only one Daytime Arietid-like orbit, unless the lower limit for perihelion distance is allowed to drop below 14 R ; when this constraint is relaxed, the number of orbits balloons to more than 400, with the perihelion distance confined to a range from about 8 to 14 R . The observed perihelion distances of the Daytime Arietids, mostly near 18-20 R , must be due to long-term effects of the planetary perturbations and/or other interplanetary forces on fragments of first precursors. The observed Southern Aquarids and Daytime Arietids cannot contain meteoroids whose perihelion distances are smaller than a certain limit, because such meteoroids fail to intersect the Earth's orbit. For example, for an assumed orbital period of 5.2 yr, this limit is $7.5 R for the Southern Aquarids (at 2000 ' 297 , the stream's approximate boundary), but more than 10 R for the Daytime Arietids, so that the meteor radar techniques may map only fringe regions of this stream. Figure 3 is a histogram of the highly nonrandom fragmentation time distribution of the potential first precursors for the four populations of the Machholz complex. Very few of them are found to result from fragmentation events after about AD 750. Before then, the highly correlated Marsden group and Daytime Arietid distributions show a clear periodicity, with major peaks in the early 8th, 6th, and 4th centuries. Terminated at AD 150, the distribution would have apparently peaked again in the early 2nd century. Interspersed approximately midway between the major peaks are minor peaks centered on the early to middle 7th, 5th, and 3rd centuries. This pattern, with a period of $200 yr or $38 revolutions of 96P about the Sun, is undoubtedly related to the pattern of minimum inclination presented in Table 22 (x 6.2). Since the great majority of the orbital solutions in the sample is Class 1 (x 7.1), the peaks in Figure 3 should timewise represent an extension to the numbers in the first column of the upper part of Table 22 , which they do. The minor peaks in Figure 3 refer to Class 2.
The distribution of potential first precursors for the Southern Aquarids also appears to display similar behavior to both the Marsden-group and the Daytime Arietid distributions, with a few fluctuations that may be due to the fact that the sample is smaller. The Kracht-group distribution is so underpopulated that it is impossible to distinguish between random and systematic variations. a Interval is so wide because it includes two questionable entries from Table 3 ; no potential first precursors were found to have between 43 and 73 . b All detected potential first precursors had q between $8 and $14 R . c The only candidate had q at the lower limit.
However, since nearly 30% of the sample comes from the returns before AD 200, the population of these first precursors may be somewhat older than for the Marsden group.
A puzzling aspect of Figure 2 is the existence of wide gaps between any two contributors to the Machholz complex in the longitude of the ascending node. We searched the sample of fragmentation scenarios and found fairly large numbers of potential first precursors in each of the gaps: thousands (the exact number depending on the choice of orbital boundaries) between comet 96P and the Marsden group, which we call the type 1 precursors; more than 300 between the Marsden group and the Kracht group-the type 2 precursors; and more than 200 between the Kracht group and the Southern Aquarids-the type 3 precursors. We even found about 50 of them at smaller nodal longitudes, in the direction of the Quadrantids, at as small as 287 , i as high as 55 , and q of up to $0.1 AU-type 4 precursors. It therefore appears that the seemingly discrete components of the Machholz complex derive from the same, essentially continuous population of first precursors. It is not clear at this time why the gaps exist, especially the one between the Marsden group and the Kracht group, and why the detected members of the Kracht group are confined to such a narrow interval in the longitude of the ascending node. In Table 24 we list a few representative sets of orbital elements for these possible members of the Machholz complex. The elements refer to the first precursors and apply only approximately to their debris. We have not investigated the geometry for these orbits in the SOHO coronagraphic fields. The existence of most of these predicted groups cannot be tested by meteor techniques, as their orbits do not approach Earth's orbit.
Close Encounters with Jupiter
As already suggested in x 6.2, the enormous diversity of the orbital behavior among the various components of the Machholz complex in general and the current prevalence of low-inclination orbits in particular are believed to be a result of strong perturbations that parent objects of the Marsden and Kracht groups and the associated meteor streams were subjected to during their close encounters with Jupiter. Comet 96P is remarkable in that, at least for two millennia, it has been very successful in avoiding the planet, apparently because of the resonance (x 3). Our integration of the comet's motion back to AD 150 shows that it has never approached Jupiter to less than 0.5 AU, the closest encounters having occurred on five occasions between the years 679 and 1059, when the minimum distance from the planet was between 0.504 and 0.538 AU.
The history of 96P contrasts with the history of all potential first precursors of the low-inclination population. Table 25 compares five Marsden precursors, M1-M5, with one type 3 precursor, T 3 1. They represent essentially a random sample, except for M1 and T 3 1, which were chosen to illustrate the orbital diversity for objects with nearly identical birth conditions (see below for details). Table 26 compares two Kracht precursors, K1 and K2, with four precursors, A1-A4, in orbits of the Southern Aquarid type that have a wide range of inclinations, longitudes of the ascending node, and perihelion distances. The orbital elements in Tables 25 and 26 are listed for the epoch of perihelion. The perihelion passage chosen is between 1999 and 2003 for the Marsden, Kracht, and type 3 precursors, but in the early 1950s for precursors A1-A4, because the best photographically determined orbits of the Southern Aquarids date from the years 1952 -1953 (Jacchia & Whipple 1961 .
The encounter data in Tables 25 and 26 illustrate Jupiter's considerable gravitational influence exercised on the Machholz complex objects that ended up in low-inclination orbits. The numbers are interesting from several standpoints. Unlike for comet 96P, there were, in each scenario, at least six approaches within 0.5 AU and at least one approach within 0.3 AU, all occurring when the precursors were on their way to aphelion. The Kracht precursors and those with orbits resembling the orbits of the Southern Aquarids had at least four encounters within 0.3 AU, the latter also at least two encounters within 0.2 AU.
A pivotal role among the encounters is played by the year 1059, when a close approach occurred in 10 out of the 12 cases. This explains why low-inclination objects could not arise from fragmentation events occurring after AD $1000. Interestingly, when there was a close encounter in 1059, there was a high probability of additional close encounters (especially for the Marsden first precursors) in 1249 , 1438 , 1545 , and 1593 , or 16, 32, 41, and 45 Jovian years after 1059 , and $101 average orbital periods of 96P. The first two periods are obviously equal to quadruples of the 9 : 4 resonance (x 3), whereas the latter two are likely to reflect a slight systematic increase in the orbital periods of the precursors. This ( Table 29) .
is the effect of a differential nongravitational deceleration apparently affecting the motion of these potential first precursors, illustrating rather dramatically the way in which a fragment acquires an orbital period that is somewhat longer than the comet's (x 4.5).
A close approach in 1059 was always followed by at least five more close approaches. For first precursors arising from earlier fragmentation events, there seems to be, in addition, a correlation between encounters in 1059, 869, and even 679, again a repetitive pattern with a period of 16 Jovian yr. In the two scenarios in Table 26 with no close approach in 1059 (A2 and A3), the patterns involve encounters in 679, 786, 869, 928, and 1011 , with the intervals of, respectively, 9, 7, 5, and 7 Jovian yr, after which the two sequences became very different. Also, there appear to be mutually exclusive close-approach patterns: in not a single of the 12 scenarios did close encounters occur in both 928 and 1059 (which are 11 Jovian yr apart) or in both 1011 and 1059 (4 Jovian yr apart).
The complex nature of the orbit transformation process is illustrated by comparing the orbital evolutions of the potential first precursors M1 and T 3 1 in Table 25 . In these scenarios, the fragmentation occurred during the same return to the Sun (in 931), less than 130 yr before the first close approach to Jupiter, and both the differential decelerations and the separation velocity vectors in the RTN coordinate system were identical; only the fragmentation times were 50 days apart. Yet their present-day orbits, while nearly coinciding in perihelion distance, differ by more than 60 in argument of perihelion and in longitude of the ascending node, by nearly 15 in inclination, by more than 2 yr in perihelion time, and by some 30 days in orbital period. The minimum distance from the planet during the first Jovian close encounter, in 1059, was nearly the same in the two scenarios, as expected. Nevertheless, the minor difference, 0.18 versus 0.17 AU, was sufficient to cause the circumstances during the second encounter, in 1118, to be much more different. The net result of this discrepancy was two independent histories of subsequent encounters. After 1118, the M1 precursor never approached Jupiter closer than to 0.32 AU in 1438, whereas the T 3 1 precursor was 0.20 AU from the planet in 1249 and 0.30 AU in 1332. The T 3 1 precursor was thus much more strongly perturbed than the M1 precursor and ended up in an orbit whose spatial orientation differs from the orbit of 96P even more substantially than the orbit of the M1 precursor, although both are of low inclination.
No close encounters in Tables 25 and 26 occurred more recently than the second half of the 18th century. In six cases these episodes terminated before the end of the 16th century and in one case even in the mid-15th century. Similarly, the tables show no close approach to Jupiter before 679, although the ages of two of the precursors were by then more than 500 yr. It is thus possible that Jovian close encounters were confined to a limited period of time, with a bulk of them having occurred between the second half of the 9th century and the end of the 16th century. This is also consistent with our finding that the tabulated scenarios do not show a strong correlation between the fragmentation time and the number of Jovian close approaches.
Besides Jupiter, there were close encounters with other planets, including, for example, grazing approaches to some 300,000 km of Venus. However, we found no major effects from these perturbations on the orbital evolution of any of the investigated potential first precursors.
Modeling the Orbital Evolution
Although close encounters of Jupiter with the selected first precursors of the Machholz complex ceased between the 15th and 18th centuries, the profound transformation of the orbits did not terminate at that time. In fact, it is continuing even at present.
Long-term variations in, respectively, the inclination, the longitude of the ascending node, and the perihelion distance of comet 96P and three potential first precursors of the Machholz Table 25 and K1 and A2 from Table 26 . Figure 4 shows that the inclination of the M3 precursor did not differ markedly from the comet's until the 15th century, even though the M3's close approaches to Jupiter dated back to 869. However, the closest one, to 0.27 AU, occurred in 1438, coinciding with the first major ''wiggle'' on the curve. Similarly, one can see that the inclination curves for the K1 and A2 precursors began to deviate markedly from the comet's curve at, respectively, the beginning of the 13th century (coinciding with the closest encounter in 1201) and early in the 11th century (coinciding with the closest encounter in 1011).
The longitude of the ascending node (Fig. 5) began to deviate from the comet's value even more recently, during the 14th and 15th centuries in the case of the A2 precursor, during the 17th century for the K1 precursor, and in the 18th century for the M3 precursor. On the other hand, the perihelion distance (Fig. 6 ) appears to have had a somewhat shorter response time to the close encounters than the inclination.
The most striking features in the orbit evolution curves are the reversals in the inclination of the A2 precursor in Figure 4 and in its perihelion distance in Figure 6 . The passage of the Southern Aquarid part of the Machholz complex through the point of minimum perihelion distance in the 19th century implies that these precursors were subjected to an intense erosion process, so that the chances that sizable objects still exist in these orbits are not very good (cf. x 7.2).
The reversals in the two orbital elements of scenario A2, together with the continuing strong trends in the evolution curves for the other two scenarios plotted in Figures 4-6 long after the termination of the close encounters, indicate that the motions are controlled by the secular planetary ( primarily Jovian) perturbations. However, the brief, powerful perturbations exerted by Jupiter during close encounters have accelerated the precursors' evolution relative to the comet. As a result, the precursor scenarios refer currently to evolutionary stages that 96P will not reach until several centuries from now. It is noted that the more numerous and closer the encounters are, the stronger are the perturbations and the higher is the rate of orbit-evolution acceleration. Indeed, the Southern Aquarid precursors, which were more perturbed than the Kracht and Marsden groups (x 7.3), have evolved most rapidly.
An obvious quantity to measure the rate of orbit-evolution acceleration is the time of minimum inclination, t incl , although the perihelion distance also varies in phase (Fig. 6) . From Figure 4 , time t incl is estimated to be AD $1820 for the Southern Aquarids, and it is well known that it is $2450 for comet 96P (e.g., McIntosh 1990) . Considering that the entire cycle of orbital variations for 96P is nearly 4000 yr (x 3), the effect on the Southern Aquarids is significant, amounting to more than 30% of the half-cycle (from the maximum to the minimum inclination).
Although the integrated perturbation effect of a sequence of close encounters is a complex function of the geometry of the approaching body during each episode, we develop a simple characteristic, called a perturbation factor Å, that we use in the following to measure quantitatively the severity of Jupiter's gravitational influence during close approaches and to correlate it with the rate of orbit-evolution acceleration. The dimensionless factor Å is defined as
where Á 0 ¼ 1 AU, Á J is the minimum encounter distance (in AU ), and the expression is summed up over all encounters between the time of fragmentation and t incl . Contributions to Å from the encounters with Á J ! 0:5 AU are all zero.
We have integrated the motions of comet 96P and the 12 potential first precursors listed in Tables 25 and 26 , calculated their osculating elements annually, and determined the minimum inclination i min , its time t incl , the perihelion distance at t incl (which was always very close to its minimum value), and the perturbation factor Å. The results are summarized in Table 27 , which shows that the times of minimum inclination span 630 yr, as estimated above. Figure 7 is a plot of the perturbation factor against the time of minimum inclination. It can satisfactorily be fitted by an empirical law,
where 2447 is the time of minimum inclination for 96P, whose perturbation factor is 0 (Table 27 ). The wide range of orbitevolution accelerations relative to the comet notwithstanding, the differences in the minimum inclination and in the perihelion distance among the potential first precursors in Table 27 are relatively small. One can in fact say that, except for the temporal compression effect, the scenarios are nearly equivalent, so that the evolution of the entire population of the Machholz complex is governed by the same rules.
Comparison of the scenarios plotted in Figures 4-6 is presented in Table 28 . In each case we searched the lists of osculating orbital elements for a set that coincided with the longitude of the ascending node of a reference scenario. For the Marsden group, for example, this scenario is represented by the potential first precursor M3, highlighted in the table. It is apparent that the Southern Aquarid precursor A2 yielded the same nodal longitude in 1699, the Kracht-group precursor K1 in 1913, and that comet 96P will have this nodal longitude in 2304. The orbits are not entirely identical, but the systematic deviations in the inclination, the perihelion distance, and the orbital period are small. Thus, relative to the Marsden group, the orbital evolution of the Southern Aquarid swarm is accelerated by 303 yr and the Kracht group by 89 yr, whereas the evolution of the comet is decelerated by 302 yr. We similarly determine the rates of orbital evolution from the data on the Kracht group and the Southern Aquarids in Table 28 . The numbers are approximately, but not exactly, the same.
The times in Table 28 that indicate the orbital correspondence between the present-day Marsden and Kracht groups and comet 96P in the future compare favorably with the dates derived by Ohtsuka et al. (2003) . They determined the year 2319 for the Marsden group and 2408 for the Kracht group, while we found 2304 and 2411, respectively.
Our findings confirm that we deal with a single all-encompassing population of the Machholz complex (x 7.2) that dynamically evolves in a fairly organized manner. This is remarkable given that the underlying cause-the perturbations exerted by Jupiter during a sequence of close encounters-is in principle a stochastic process.
The Quadrantids
In the light of the continuing controversy (x 3), we briefly examined whether the model of the single all-encompassing population also applies to the Quadrantids. We succeeded in simulating their orbit by the Southern Aquarid scenario A2. As the last entry of Table 28 indicates, the orbit of the A2 precursor matches the mean orbit of the Quadrantid stream (Table 3) remarkably well in about the year 2906. The time span between this epoch and that of minimum inclination for precursor A2 (Table 27 ) amounts to 1089 yr. A similar exercise conducted for the Kracht-group precursor K1 and the Marsden-group precursor M3 showed, as expected, that they would reach the Quadrantid stage long after the year 3000.
There is thus an indication that the Quadrantids are an integral part of the Machholz complex. To detect the Quadrantids in the 19th and 20th centuries requires first precursors that had a much higher rate of orbit-evolution acceleration than the Southern Aquarid precursor A2. While the time of their separation from the progenitor comet is unknown, we estimate that they should have been in orbits perturbed by Jupiter strongly enough during close encounters to have reached a minimum inclination ($10 ) probably before the 11th century. From equation (17) we find a perturbation factor of at least $50, which is equivalent to the effect of a single, dynamically dominant approach to 0.02 AU or less. Could 2003 EH 1 be related to 96P by virtue of being a fragment of a Quadrantid first precursor that had shared a common parent with 96P and, after breaking off, experienced a very close encounter with Jupiter? Could this first precursor split at the time into two or more pieces due to the Jovian tidal forces? Could comet C/1490 Y1 be identical with 2003 EH 1 ? All these fascinating possibilities remain to be explored.
Orbital Correlations for the Marsden Group
The set of nearly 4500 potential first precursors for the Marsden group detected in our sample of fragmentation scenarios allows us to examine the expected distribution of fragmentation events along the progenitor's orbit and the correlations between the precursors and the observed members of the group. Table 29 shows the complex nature of the fragmentation distribution of the Marsden group. The returns, grouped into sets of five, reveal the periodicity that was already noted in x 7.2, but the purpose of this table is to show variations with the time from perihelion. Given the choice of the fragmentation scenarios (x 7.1), a uniform distribution along the orbit should result, at the foot of the table, in a constant total number of events at the times within 100 days of perihelion and again in a constant total number, lower by a factor of $3.2, at the times of !150 days from perihelion. The tabulated totals show an approximately constant number of events only within 50 days of perihelion, with a gradual decline farther out from the Sun. The ratio between the numbers at Ç100 and Ç150 days is twice the expected ratio of 3.2. Thus, our sample shows that fragmentation events within 50 or so days from perihelion are the most likely ones to produce potential first precursors for the Marsden group. A close-up view of the distribution in Table 30 shows that the rate of potential first precursors in some returns holds out to, or even increases at, Ç100 days from perihelion, but the drop at larger heliocentric distances persists. Because of the nature of the relationship between the first precursors and the members of the Marsden group, one cannot expect one-to-one correlations (x 7.1), but there should be a general orbital affinity between the two kinds of objects. To make the comparison meaningful requires an estimate of uncertainties in the observed elements, caused by the observational errors due to short arcs on which the orbit determination has to rely and, to some extent, due also to a large pixel size of the CCD arrays used (11B4 for the C2 coronagraph, 56 00 for the C3 coronagraph).
To demonstrate that these uncertainties are not large, we list in Table 31 the differences between Marsden's (2004b Marsden's ( , 2005a Marsden's ( , 2005b Marsden & Williams 2003 ) preliminary parabolic elements and final, elliptical elements computed for the five Marsdengroup comets of two apparitions (x 4). The length of the covered orbital arc was extended by a factor of more than 1000 by the linkage, increasing the accuracy of the orbit determination accordingly. The differences between the preliminary and the linked osculating orbits are essentially the errors of the parabolic approximations.
It is apparent from Table 31 that these errors amount to up to about 1 hr in the perihelion time, up to about 1 in the angular elements, and up to 0.1 R in the perihelion distance. An exception was the argument of perihelion for C/1999 N5, which for unknown reasons was off by 5 in the parabolic approximation; this error of course also shows up in the orientation of the line of apsides, especially in the longitude of perihelion. Also, C/1999 J6 and C/2004 V9, observed over the longest arcs at each return, had parabolic orbits much more accurate than the three fainter comets.
The histograms in Figure 8 compare the predicted distributions of the 4459 potential first precursors with the observed members of the Marsden group in each of the orbital elements, except the eccentricity, which was assumed by Marsden to be unity. There is clearly a general agreement between the two sets, even though peaks of the precursor distribution do not necessarily coincide with high concentrations of the observed members. We explained in x 4 that clustering is a product of recent fragmentation and, accordingly, is not directly related to the first precursors.
Interestingly, the precursor distributions of the argument of perihelion, the longitude of the ascending node, and, especially, the longitude and latitude of perihelion are bimodal, while the distributions of the inclination and the perihelion distance are trimodal. We have made a concerted effort to find the source of this behavior. We inspected various subsets of the whole sample but found that the effect is essentially independent of the fragmentation time in the examined period of 850 yr. It is possible that the effect is a product of different patterns of close encounters, but comparison of the five potential Marsden precursors in Table 25 does not indicate any obvious differences in the encounter sequences. Figure 9 shows considerable structure in the distributions of the perihelion longitude and latitude. It suggests that, with some exceptions, the cluster peaking in Figure 8 at longitude 101N4 correlates with the low-latitude cluster, and vice versa. Table 25 shows that precursor M2 is apparently one of the exceptions. The range in both axes in Figure 9 is very narrow, comparable to, or smaller than, the estimated observational errors, so that no Bimodality is also an attribute of the relations between the longitude of the ascending node on the one hand and the argument of perihelion and the inclination on the other hand, as indicated, respectively, by Figures 10 and 11 . We found correlations between the bimodal distributions of the latitude and longitude of perihelion and the characteristics of the plots in Figures 10  and 11. A complex relationship between the longitude of the ascending node and the perihelion distance, consisting of several nearly parallel branches, is presented in Figure 12 . We are encouraged by the correspondence, in Figures 10-12 , between the orbital distributions of first precursors and the Marsden group's orbits, which indicates that only minor orbital differences remain to be accounted for by the intervening process of cascading fragmentation.
Similar analysis could be presented for the orbital correlations of the Kracht group and the Southern Aquarids. However, little would be gained by such a presentation since the numbers of potential first precursors are much smaller (Table 23 ).
CONCLUSIONS AND FUTURE RESEARCH
SOHO detected comets of the Marsden and Kracht groups differ in many respects from comets of the Kreutz sungrazer system. To emphasize this distinction, it is appropriate that, together with the Meyer-group members, they be called the sunskirters. Two of the most important differences are (1) the role of the Sun's tidal forces, which is substantial for the sungrazers but trivial for the sunskirters; and (2) the observed rate of perihelion survival, which is nil for the small (SOHO) sungrazers, but more than 50% for each group of sunskirting comets.
Similarities between the sungrazers and sunskirters include their common susceptibility to nontidal cascading fragmentation, documented by the clustering effect, and to progressive erosion. Generation after generation, the recurrent splitting into ever smaller pieces leads ultimately to their complete disappearance. We were impressed by the success of the erosion model, developed for sungrazer applications (Sekanina 2003) , in fitting the light curve of C/1999 J6 of the Marsden group. The derived erosion rate of only $6 m per revolution shows that the greater perihelion distance and a generally higher erosion energy relative to the sungrazers help protect C/1999 J6 (and, presumably, other brighter sunskirters) against complete disintegration during a single return to perihelion. Figure 2 confirms that a common line-of-apsides orientation is a valid rule-of-thumb criterion for detecting a genetic association among objects of the Machholz complex over limited periods of time. The relationship of the Marsden and Kracht groups with comet 96P/ Machholz and with the Southern Aquarids and the Daytime Arietids is given a new dimension in this study. The notion of separate, mutually related populations, implied by the observed morphology of the Machholz complex, is replaced with a concept of one all-encompassing population indicated by the proposed model. Critical to our investigation is the postulated existence of first precursors, the initial direct ancestors of the Machholz complex, which were the first-generation fragments of the progenitor comet that they originally shared with 96P.
Only objects whose birth dated back to nontidal fragmentation events (at heliocentric distances exceeding 0.6 AU ) before AD 950 and which experienced a sequence of encounters with Jupiter within 0.5 AU, starting in AD 1059 or earlier and continuing for centuries, could become first precursors of the low-inclination population. In the process, they must have split repeatedly into smaller pieces in a cascading fashion. In our sample of nearly 60,000 fragmentation episodes between AD 150 and 950, we found a wide range of scenarios that included not only orbits of the Marsden and Kracht groups and of the Southern Aquarid swarm, but essentially a continuous stream of orbits with the nodal line spanning more than 160 . These scenarios imply very diverse paths of orbital evolution, which are exemplified by the curve of long-term inclination variations. For a fragment with a history of Jovian close approaches, the more frequent the encounters and the more severe the perturbations exerted by the planet, the more rapidly the fragment's inclination drops from an initial value of >75
. The inclination reaches a minimum of $10 at a time that measures the perturbation effect during the encounters. Since precursors are found to precede comet 96P (which avoids close approaches) by hundreds of years, the precursors' orbital evolution is significantly accelerated relative to the comet. On a plot of the longitude of the ascending node versus the inclination i in Figure 2 , the severity of Jovian perturbations during close encounters increases systematically with decreasing from 96P to the Quadrantids.
All fragments have a nearly equivalent orbital evolution path, but they reach the same stage at very different times. A presentday Marsden-group comet would in the future pass through a Kracht-group stage, then through a Southern Aquarid stage, and eventually through a Quadrantid stage of evolution. In reality, the short lifetime interrupts this evolution, so that Marsdengroup comets never reach even the Kracht-group stage.
On the other hand, the Jovian-encounter-driven orbital evolution is relatively insensitive to the age of a first precursor, except that there must be enough time for completing the needed Jovian close approaches. While we do not know the temporal rate of fragmentation events of this type (yielding sufficiently massive first precursors), we can conclude with certainty that there is no unique solution to the problem of the origin of the Marsden and Kracht groups and the associated meteoroid swarms of the Machholz complex.
Work on the orbital evolution of the Machholz population is far from complete. Although we made progress in our understanding of an early, first-precursor stage and of the end products, they need to be connected by modeling the process of cascading fragmentation and the properties of successive generations of fragments.
We have no explanation for the ''missing'' segments of the first-precursor population. Using the terminology of Figure 2 , we especially look for evidence on fragments of type 1 and type 2 precursors. Survival chances of most type 3 and all type 4 precursors are not good, because they are already past the stage of peak erosion rate (minimum perihelion distance).
The Quadrantids present a particularly difficult problem. To establish firmly their birth and evolution with the Machholz complex is a major task that remains to be addressed.
Although we have for now ruled out the Northern Aquarids, Cetids, and a few high-inclination streams as members of the Machholz complex investigated in this paper, this issue will have to be reexamined over a longer temporal scale. Except for the Velids, a common orbital feature of these streams is a southern latitude of perihelion. An integration of the motion of 96P over 750 revolutions back to 2000 BC predicts that the comet had a southern latitude of perihelion at all times prior to AD 319. Between 684 BC and AD 1543, the line of apsides had changed by nearly 28 , the latitude of perihelion having increased from À14N5 to +13N2. The comet's orbit was similar in both its shape and orientation to the orbits of the Northern Aquarids shortly after 1500 BC and to the orbits of the Cetids between 1800 and 1700 BC, and it was not too far from the orbits of the Carinids during the first three centuries AD. Much analysis remains to be done to find out what the orbital evolution implies for the ages of these streams, if they should be associated with the Machholz complex after all.
In spite of the enormity of the nearly 60,000 orbit integration runs, the parametric steps in our fragmentation scheme have remained very crude. So crude in fact that ''neighboring'' scenarios, M1 and T 3 1 in Table 25 , led to orbits that differ from each other by many tens of degrees in the angular elements. In at least some cases, it will be necessary to address the issue of orbitalsolution sensitivity to fine changes in the fragmentation conditions.
With regard to the Marsden group, there are at least three tasks ahead of us. One puzzle is the fragmentation hierarchy of the parent of C/1999 J6 and C/1999 N5, including the roles of C/1999 U2 and possibly other fragments. The second puzzle is presented by the multimodal distributions of the orbital elements and their correlations (x 7.6). The third puzzle is the nature of the relationship between the Marsden group and the Daytime Arietids, a broad stream whose activity extends from May 29 to June 19 according to Cook (1973) . Since Marsden's (2004b) orbital solution for C/1999 J6 showed the comet to have passed only 0.0087 AU from Earth on 1999 June 12, the branch of the stream associated most closely with the Marsden group should have a longitude of the ascending node of 82 (equinox J2000.0). Recent radar observations of the Daytime Arietids may prove most helpful in testing this relationship.
The second part of this investigation will attend to at least some of the outstanding issues. Detections of new members of the Marsden and Kracht groups, observations of known members at their second apparition, and possible searches for the ''missing'' segments of the Machholz population are all likely to present new challenges.
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